Introduction
Progress in emergency treatment is responsible for the recovery of many patients daily who would have died otherwise. However, as a result, the number of patients in a vegetative state (VS) and in a minimally conscious state (MCS) has increased. The Multi-Society Task Force on Persistent VS defined VS as a pathologic condition of complete unawareness of the self and the environment, accompanied by sleep-wake cycles, with preservation of brainstem autonomic and hypothalamic function [1, 2] . It was not until 2002 when Giacino et al. [3] published the definition and diagnostic criteria for the MCS. The MCS is characterized by inconsistent, but clearly discernible, behavioral evidence of consciousness. The VS and MCS are also called disorders of consciousness (DOC).
The causes of DOC are numerous and include traumatic brain injury, hypoxic damage, cerebrovascular ischemic or hemorrhagic injury, infection of the central nervous system, toxins, poisoning, degenerative diseases, Georgiopoulos et al. Stereotact Funct Neurosurg 2010; 88:199-207 200 tumors as well as congenital or developmental disorders [1] [2] [3] [4] . When an acquired brain injury results in DOC, coma is the initial clinical manifestation [5] . Coma is defined as a state of complete unconsciousness from which the patient cannot be aroused; usually, it evolves within 2-4 weeks into either a conscious state or VS [1, 5] . The VS is considered as either a transitional state from coma to higher levels of consciousness or, if it persists for at least 1 month, as a so-called 'persistent' VS [6, 7] . VS that persists, according to international guidelines, for over 12 months after a traumatic brain injury, and for over 3 months after nontraumatic causes according to guidelines from the USA or 6 months according to guidelines from the UK, is considered a 'permanent' VS [1, 2, 4] . The prognosis of VS varies according to the cause. For instance, the prognosis is poor in adult patients with posttraumatic VS and poorer in those with nontraumatic etiologies [2] . The Multi-Society Task Force on Persistent VS reported that among patients who had been in VS after traumatic brain injury, 33% recovered within the first 3 months, 13% between 3-6 months, and 6% between 6-12 months [2] . It is clear that DOC constitute a handicap for the patient, a continuous struggle for their families and a major medical and social challenge.
Arbitrarily, patients with DOC could be subdivided into 2 groups according to whether the predominant central nervous system damage is global or multifocal. A more diffuse type of damage is usually due to global ischemia and anoxia, in contrast to trauma or stroke, both of which may produce multifocal brain damage [8] . Although neuropathologic and neuroradiologic studies have revealed common structural abnormalities including diffuse axonal injury and damage to the dorsolateral part of the rostral brainstem and the thalamus [9, 10] , the pathophysiology of VS and MCS varies from case to case and still, in most instances, remains unknown [11] .
The purpose of the present manuscript is a systematic review of the proposed medical or surgical treatments of patients with chronic DOC. The mechanisms of action and limitations of the treatments will be discussed.
Methods

Data Sources
Searches were independently performed by 2 investigators between May 2009 and September 2009 in the following databases: Medline, Web of Science and the Cochrane Library. The following key words were used: 'vegetative state', 'minimally conscious', 'disorders of consciousness', 'effect', 'therapy', 'recovery', 'levodopa', 'amantadine', 'zolpidem', 'stimulation', 'baclofen', 'ethical' and 'ethics', in combination with the delimiters 'English language' and 'Humans' in the Medline database, and 'English language' in the Web of Science database. The above databases and key words were chosen in a consensus meeting. The electronic search was complemented by cross-checking the references of all relevant articles.
Selection Criteria
We have defined the inclusion and exclusion criteria during a consensus meeting. For this review, we agreed to include: (1) patients with a diagnosis of either VS or MCS; (2) patients with a duration of the condition of over 6 months in posttraumatic cases, and of over 3 months in nontraumatic cases, and (3) studies with any type of: methodological design, therapeutic management or assessments of outcome. Thus, patients in VS or MCS for whom the disease duration was less than the aforementioned duration were excluded. Cases in which the duration of the disease could not be determined were also excluded from the anal ysis.
The criterion of DOC duration was set in order to exclude cases of spontaneous recovery that could occur during the acute stages. The agreement was based on observations indicating that spontaneous recoveries during our time window occur only in 6% of the patients with posttraumatic DOC and in almost none of the patients with nontraumatic DOC [1, 2] . The great diversity in methodology in a relatively small number of published studies led us to agree on the third criterion. Special attention was paid to identify the patients which have been described in more than 1 publication to avoid duplications.
Results
Overall, 16 of the 5,852 published papers (4,806 in Medline, 965 in the Web of Science, and 81 in the Cochrane Library) were found to satisfy the inclusion criteria for this systematic review of the literature. The small number of patients described in the chronic stages of DOC, the heterogeneity of the treatments evaluated, and the outcomes assessed precluded the use of pooled analyses. The characteristics of the described medical and surgical interventions are summarized in tables 1 and 2 , respectively.
Medical Interventions Dopaminergic Agents
Clinical improvement after administration of levodopa was documented in 4 patients altogether; 3 patients were in VS and 1 in MCS, and all after traumatic brain injury with disease durations of more than 6 months [11] [12] [13] [14] 27] . As in these patients levodopa was administered for relief of rigidity and spasticity, not only were the parkinsonian symptoms reduced, but the patients also recovered from the DOC within 4 days to 1.5 months. The authors defined recovery as the patient's ability to com-municate, to obey correctly simple verbal commands and to use objects functionally [3, 11] . Furthermore, 2 of the 4 patients exhibited a response in the form of electroencephalographic activity (EEG), i.e. alpha activity tended to replace delta or theta wave activity. The starting dose of levodopa was 450 mg per day in the adult patients and 50 mg (2 mg/kg) per day in the pediatric patient [11] .
In 1990, Horiguchi et al. [15] presented 1 patient who had been in VS for 3 years due to olivopontocerebellar atrophy and had recovered after administration of amantadine. Recently, cognitive and motor improvements by the administration of amantadine have been reproduced in 1 patient in chronic ( 1 2 years) postanoxic MCS [16] . In this case, a validated behavioral assessment scale (Coma Recovery Scale-Revised), actigraphy and consecutive positron emission tomography (PET) scans were carried out [28] . Throughout the observational period, the patient remained free of other centrally acting drugs. During treatment, the patient showed: (1) reproducible movements following commands and consistent automatic motor responses, (2) a significant improvement in limb movements recorded by actigraphy, and (3) a statistically [19] MCS?, n = 1 anoxic 2 years yes -unknown Cohen and Duong [20] MCS?, n =1 anoxic 8 months yes -unknown Whyte and Myers [21] VS, n = 11 and MCS, n = 3 significant (p ! 0.001) increase in amantadine-related metabolic activity by PET (approaching the normal range) of the dorsolateral prefrontal, temporoparietal and mesiofrontal cortices, bilaterally, and in the right-sided sensorimotor areas. In contrast, a withdrawal of amantadine resulted in a reduction in motor activity, while its reintroduction induced a significant increase in actigraphic activity.
Zolpidem
Clauss and Nel [17] presented 3 patients in VS who showed a clinical improvement after the use of zolpidem (10 mg/day). The VS was due to traumatic injury in 2 cases and due to anoxic damage in 1 and the duration of the disease was 3-5 years. Functional outcome was assessed using the Glasgow Coma Scale and the Rancho Los Amigos Scale. The improvement was transient, reflecting the drug's short half-life (2.4 h), but it was reproducible after administration of the same dose, and absent again when the drug's action faded [17] . The long-term efficacy of zolpidem was monitored for the whole period of observation (3-6 years) without tolerance; long-term side effects were not observed [17] .
Similar clinical improvements without remarkable side effects were reproduced in another 3 studies after daily administration of 5-10 mg of zolpidem in a total of 3 patients suffering from postanoxic DOC (disease duration: 8-24 months) [18] [19] [20] . Of these studies, the work by Brefel-Courbon et al. [19] was of special interest as it evaluated zolpidem in a randomized, double-blind, placebo-controlled, single-patient trial. Zolpidem was administered to a 48-year-old woman who had been suffering from akinetic mutism for over 2 years. Marked improvement was noted in motor performance and neuropsychological tests, as well as in the cerebral metabolism of the postrolandic territories and frontal cortex according to 18 F-fluorodeoxyglucose PET, and of the anterior cingulate and orbitofrontal cortices according to H 2 15 O PET. Contrary to the previously described positive effects of zolpidem, Whyte and Myers [21] have recently reported that in their double-blind, placebo-controlled, crossover design study on zolpidem (10 mg/day) and placebo, only 1 patient exhibited a clinically significant improvement, out of 14 patients who had been in either VS (n = 11) or MCS (n = 3) due to trauma (n = 8), anoxia (n = 5) or stroke (n = 1). That single patient reproducibly improved from VS to MCS; in the remaining 13 patients, not even a subclinical response was observed, indicating a bimodal type of response rather than a scaled one. The participants were assessed by the investigators using the Coma Recovery Scale-Revised [28] . However, during this trial, all patients had received some kind of psychoactive medication. Similarly, Singh et al. [22] did not confirm a therapeutic impact of zolpidem on a 44-year-old man in posttraumatic MCS (disease duration: 4 years).
Median Nerve Stimulation
Median nerve stimulation has been tested in 1 patient only, who satisfied our inclusion criteria [23] .
Surgical Interventions Deep Brain Stimulation
In a 6-month, double-blind, alternating crossover study, Schiff et al. [24] showed that bilateral deep brain stimulation (DBS) of the anterior intralaminar nuclei (central thalamus, CT) can induce behavioral responsiveness in a patient who had remained in MCS for 6 years before the intervention due to a traumatic brain injury. The frequency of specific, cognitively mediated behaviors according to the Coma Recovery Scale-Revised (motor, communication and arousal subscales) was increased while 'on' DBS compared with being 'off' DBS [24, 28] . Purposeful upper extremity limb movement and oral feeding had also improved in similar experimental conditions. No major complications were reported in this case.
Extradural Cortical Stimulation
Recently, Canavero et al. [25] have demonstrated that unilateral, bifocal, extradural cortical stimulation (ECS) could produce a therapeutic result in a patient who had been in posttraumatic VS for a period of 20 months. The investigators chose to stimulate the sulcus (parameters: 8-10 Hz, 65 s, 11 mA) between the left parietal gyri P1 and P2 and the middle frontal sulcus (F2), including the dorsolateral prefrontal cortex (Brodmann's areas 8 and 46). A significant clinical response was described using the Coma Recovery Scale-Revised and the Levels of Cognitive Functioning scale [28, 29] . The achieved improvement declined after the discontinuation of the stimulation but was regained after having restarted it. According to the authors, ECS is a minimally invasive and safe surgical procedure [25, 30, 31] .
Spinal Cord Stimulation
The effects of spinal cord stimulation (SCS) on 214 patients who had been in VS due to trauma, anoxia or stroke were studied in a prospective observational study for 20 consecutive years (1986-2005) [8] . The SCS device was implanted into the epidural space between C2 and C4, stimulating the spinal cord in a cyclic mode of 15 min on and 15 min off only during daytime, without reaching the motor threshold (amplitude: 2.0-3.0 V; frequency: 70 Hz; pulse width: 120 s). At the beginning of the observation, the duration of the VS had been at least 1 year in traumatic cases and at least 3 months in nontraumatic cases. A clinical response was recorded in 109 of the 201 patients (54%; 13 were lost to follow-up), and it was correlated with age below 35, traumatic brain injury and regional cerebral blood flow over 20 ml/100 g/min.
Intrathecal Baclofen Sara et al. [26] reported that 5 patients in VS due to trauma (n = 2), hemorrhage (n = 2) and anoxia (n = 1) who had being receiving treatment with intrathecal baclofen (ITB) for spasticity improved their level of consciousness. The arousal level, the respective subscales of the Coma Recovery Scale-Revised and commands, not hindered by spasticity, were improved while the patients were free of sedative or other drugs for spasticity.
Discussion
The effects of a variety of medical and surgical treatments have been described or tested in a small number of patients by haphazard methodological designs. The lack of cohort or double-blind placebo-controlled studies, the heterogeneity of the patients' characteristics, the lack of properly defined inclusion and exclusion criteria, using ill-defined recovery criteria or not using standardized assessment tests are some of the reasons for the inconclusiveness. Furthermore, the number of patients who did not respond to interventions was not reported. Thus, the support for a specific treatment is limited at this stage.
Historical information about similar therapeutic results, often discovered accidentally, is available for almost all of the aforementioned treatments. For instance, positive effects of levodopa on the level of consciousness were observed by Higashi et al. [32] in 1977. Also, DBS for DOC has a long and interesting history [33] .
The first attempts to restore arousal and consciousness by activation of potentially recruitable cerebral networks via DBS were reported as long ago as in 1968 by McLardy et al. [34] , in 1969 by Hassler et al. [35, 36] and in 1979 by Sturm et al. [37] . Hassler, the neurologist and neuroanatomist who wrote the anatomy of the thalamus for the Schaltenbrand stereotactic atlas, decided to stimulate the pallidum and the lateropolar nucleus of the contralateral thalamus [35, 36] . Sturm et al. [37] , in their case study, chose the left thalamic reticular nucleus. Two more studies followed in the late 1980s, by neurosurgeons in Japan (Tsubokawa et al. [38] ) and France (Cohadon and Richer [39] ). In those studies, the targets were the thalamic center median-parafascicular complex and the mesencephalic reticular formation [38, 39] .
In certain cases of the aforementioned studies investigating DBS for DOC, arousal responses were observed immediately at the onset of stimulation periods, and various improvements in the level of consciousness and functionality were recorded progressively during the postoperative period. Nevertheless, the short disease duration (within the known time frames for spontaneous recovery), the insufficient methodological and statistical analysis, not using any valid behavioral scale to assess clinical progression, the variance in the causes, and the old and probably inappropriate electrophysiological tests (e.g. auditory brainstem response and somatosensory evoked potentials) may be significant confounding factors in the evaluation of the treatment outcome in those patients operated in VS or MCS. Recent attempts to improve the level of consciousness of patients in the acute stages of DOC have not been included in this review because sound judgment on their effectiveness cannot be made without large randomized trials and is precluded by the high proportion of spontaneous recoveries. Furthermore, these studies are also set back from the methodological issues discussed here. Nonetheless, the information derived from these studies may be useful for hypothesis generation and further testing. In fact, almost all treatments reported in our review have been tested on patients with DOC of short duration.
Mechanisms of Action and Limitations of Medical Interventions
It has been hypothesized that levodopa can work as a trigger agent to interrupt the vicious circle of exhaustion of neurotransmitters [11] . This hypothesis was based on the case of 1 patient whose level of consciousness was improved after receiving levodopa and maintained after discontinuation of the treatment [11] . It has also been suggested that the effectiveness of levodopa is probably dependent upon a confirmed diagnosis of VS or MCS, concomitant symptoms of parkinsonism and imaging findings of high-intensity lesions on the dopaminergic pathway by T 2 -weighted MRI [11] . Moreover, it has been suggested that an ineffectiveness of levodopa does not predict the ineffectiveness of other dopaminergic agents because of different mechanisms of action and the variability in damage locations on the dopaminergic pathways [11] . Of note, in 1 of the patients reported by Matsuda et al. [12] , a DBS system was implanted in the left thalamus 6 months after the trauma, but no improvement was observed either then or in the following 6 months.
Amantadine, a dopaminergic agent initially developed as an antiinfluenza drug, acts both pre-and postsynaptically through an increase in dopamine release and through postsynaptic facilitation [40] .
Zolpidem is a nonbenzodiazepine, 1 -specific, indirect GABA agonist that is used for insomnia. The ␣ -subunit, known also as the benzodiazepine or -receptor, is the major modulating site of the GABA receptor [17] . According to Clauss and Nel [17, 41] , the mechanism of zolpidem's action in patients with DOC is based on the reactivation of dormant neural networks in the brain and on the reversal of diaschisis, which is a phenomenon displaying an absence of cooperation and integration of different neural networks of the brain. Brain injury and anoxia induce a neuroprotective increase in GABA receptor stimulation in order to suppress brain activity. Normally, this should be reversed in postacute changes. However, it seems that in some patients neurodormancy persists, affecting large or important areas of the brain. A normalization of regional cerebral blood flow (e.g. in frontal regions bilaterally), reversal of diaschisis (e.g. left-sided cerebellar diaschisis), and prevention of zolpidem's action by flumazenil has been shown in single-photon emission computed tomography studies in both baboons and humans who had been taking zolpidem [17, [42] [43] [44] . BrefelCourbon et al. [19] also hypothesized that zolpidem may activate limbic loops modulating motivational processes. This is based on the observation that GABA receptor stimulation could interact with limbic loops modulating subcortical pathways (globus pallidus and substantia nigra), then leading to disinhibition and thalamocortical overactivity. To explain the lack of efficacy, Singh et al. [22] noted that if the reversal of neurodormancy is important in VS, individuals at higher levels of consciousness, such as in MCS, may not benefit. Whyte and Myers [21] believe that administration of zolpidem for screening purposes is justified as the drug is inexpensive and of very low toxicity.
The right median nerve, according to Cooper et al. [23] , can serve as a peripheral portal to the central nervous system because the spinoreticular component of the median nerve pathway synapses with neurons of the ascending reticular activating system. Putative mechanisms of action include increased cerebral blood flow, raised levels of dopamine and norepinephrine, and activation of Broca's area. The supporters of median nerve stimulation stress that therapy has to be initiated early because brain atrophy is in progress and it may be too late to achieve a recovery of brain function at a later stage [23] . It is suggested that some months or even years are needed in the chronic DOC [23] .
Mechanisms of Action and Limitations of Surgical Interventions
The well-designed study by Schiff et al. [24] fueled new interest in the effects of DBS on the level of consciousness of patients in MCS. The authors provided evidence of reproducible and sustained improvement as well as of more enduring and slowly accumulating effects of DBS. It seems that the biological mechanisms in DBS work on 2 different time scales, 1 acute and 1 chronic, possibly via synaptic plasticity, normal learning and memory processes, and structural alterations [45] . DBS seems to increase the overall level of background synaptic activity, and thus the improvement may be further potentiated by pharmacologic agents in spite of the fact that they may not have been proved effective when used alone [45] . However, Schiff [45] suggested that only patients with some preserved large-scale integrative cerebral networks, identified by neurophysiologic or neuroradiologic tests, should be chosen for treatment. Chronically underactivated potentially recruitable networks and a partly deafferented and underactive CT characterize patients in MCS, in contrast to the patients in VS, who have widely disconnected and damaged thalamic and cortical neurons [45, 46] . Several imaging studies have demonstrated the preservation of large-scale functional cerebral networks in MCS patients [47] [48] [49] [50] [51] .
Schiff and various colleagues have proposed a framework for the use of DBS in MCS and the choice of the CT, specifically the thalamic anterior intralaminar nuclei, as a target with unique properties [24, 45, 46, 52, 53] . Firstly, the CT is vulnerable to disconnection and dysfunction after brain injuries such as trauma, anoxia and hypoxiaischemia, leading to a global downregulation of the cerebral metabolism [45] . Furthermore, the CT plays an in-205 termediate key role in forebrain arousal, receiving ascending connections from the brainstem and basal forebrain 'arousal systems', and descending connections from the mesial frontal cortex [54] , and its neurons' activity grades depending on the level of arousal [45] . Besides, intralaminar nuclei participate in the integration of longrange corticocortical and corticostriatopallidal-thalamocortical networks. DBS of the CT is primarily expected to depolarize neurons of the cortex and striatum. Extensive anatomic, neurophysiologic and neuroradiologic data render the CT possibly the only target that allows the stimulation of 1 area for simultaneous activation of wide corticocortical and striatal networks [45] .
Limitations for future relevant clinical studies include the heterogeneity of patients' characteristics and of their brain injuries (location, distribution and duration). Unfortunately, a generalization of the results reported by Schiff et al. [24] is not possible until more studies will have evaluated the efficacy of DBS in DOC and provided an understanding of which patients might respond.
Canavero et al. [25] showed that ECS in the target areas can induce a clinical response in VS. The frontoparietal association areas are related to 'self'-consciousness and are some of the most commonly impaired networks in neuroradiologic studies of the VS [25, 55, 56] . The dorsolateral prefrontal cortex is connected with the supplementary motor area, possibly influencing motor improvement. In addition, it has been hypothesized that isolated thalamocortical circuits are recruited and resynchronized [25, 30] .
Kanno et al. [8] has recently shown that SCS, or dorsal column stimulation, a surgical technique mostly applied in chronic pain, could be effective in VS. According to the investigators, cervical SCS increases the regional cerebral blood flow via brainstem pathways, increases the levels of neurotransmitters and neuromodulators, and enhances ␣ 1 sympathetic activity, promoting neuroplasticity in the central nervous system [8] . Also, stimulation of the undamaged nonspecific pathways activates residual functional cortical areas [8] .
Baclofen is a GABA B receptor agonist and one of the most widely used oral antispastic medications [57] . ITB administration, usually via implantable drug delivery pumps, is an established treatment for severe spasticity.
There are various hypotheses on the putative effect of ITB. Sara et al. [26] have proposed that baclofen could modulate spinal cord segmental activities and the centripetal neuronal outputs reaching the cortex or the dysregulated sleep-wake cycles interfering with consciousness. It is also assumed that a direct pharmacologic effect on the brain does not seem to be possible since intrathecal administration leads to plasma levels of baclofen at or below the limit of quantification [58] . On the other hand, Taira and Hori [59] speculated that baclofen might hasten the repair of diffuse axonal injury because baclofen improves nerve conduction in demyelinated axons. ITB involves the spinal GABAergic system like SCS, which -as mentioned above -has been used in VS with positive results [8] .
Conclusions
The effects of a variety of medical and surgical treatments have been described or tested on a small number of patients in VS or MCS by haphazard methodological designs. The treatments proposed for DOC have not yet gained the level of evidence-based treatment; moreover, the studies to date have led to inconclusiveness [8, 60] . According to the 16 studies analyzed in the present review, medical management by dopaminergic agents (levodopa and amantadine), zolpidem and median nerve stimulation, or surgical management by DBS, ECS, SCS and ITB have shown to improve the level of consciousness in certain cases. However, this needs to be established by further clinical studies of sound methodology, e.g. prospective cohort studies or double-blind placebo-controlled studies. The mechanisms of action and limitations of the suggested treatments should be further investigated.
